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Background: We describe a runner who completed a self-paced marathon (42.195 km) in a 
climate chamber with a temperature difference of 100°C, starting at an ambient temperature 
(T
ambient
) of −45°C and finishing at an T
ambient
 of +55°C.
Methods: T
ambient
  was set at −45°C at the start, and was steadily increased at a rate of 1°C 
at 4.5-minute intervals to +55°C. Before the start, after every 10.5 km, and at the end of the 
marathon, body mass, urine, and sweat production were measured and samples of venous blood 
and urine were collected. The runner’s temperature was recorded every 10 seconds at four sites, 
ie, the rectum for body core temperature (T
core
), and at the forehead, right wrist, and right ankle 
for surface temperatures (T
skin
).
Results: The subject took 6.5 hours to complete the marathon, during which T
core
 varied by 
0.9°C (start 37.5°C, peak 38.4°C). The largest difference (∆) of T
skin
 was recorded at the ankle 
(∆16°C). The calculated amount of sweat produced increased by 888% from baseline. In the 
blood samples, myoglobin (+250%) showed the highest change. Of the pituitary hormones, 
somatotropic hormone (+391%) and prolactin (+221%) increased the most. Regarding fluid 
regulation hormones, renin (+1145%) and aldosterone (+313%) showed the greatest increase.
Conclusion: These results show that running a marathon in a climate chamber with a total 
∆T
ambient
 of 100°C is possible, and that the T
ambient
 to T
core
 relationship is maintained. These results 
may offer insight into regulatory mechanisms to avoid hypothermia and hyperthermia. The 
same study is to be performed using more subjects with the same characteristics to validate 
the present findings.
Keywords: endocrine regulation, thermoregulation, skin temperature, ambient temperature, 
sweat production
Introduction
Marathon running has become increasingly popular over recent years.1,2 However, many 
athletes are not satisfied with a classic marathon, so have searched for new running chal-
lenges over longer distances than the original distance of 42.195 km3 or running under 
extreme circumstances, such as extreme heat or extreme cold. To address this affinity for 
novel running challenges, new events such as ultramarathons in the heat, eg, the Marathon 
des Sables (www.darbaroud.com), the Badwater ultramarathon (www.badwater.com), 
and the Kalahari Augrabies extreme marathon (www.extrememarathons.com/augrabies), 
as well as marathons in extremely low temperatures, such as the Baikal Ice marathon 
(www.baikal-marathon.com) and the Antarctic Ice marathon (www.icemarathon.com), 
have been created.
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Such extreme physical endurance performance requires 
a multitude of body systems to interact during both thermo-
genesis and thermolysis.4 For decades, these unique oppor-
tunities with regard to the limits of the different systems 
maintaining temperature homeostasis in marathoners have 
been investigated. Buskirk and Beetham5 were the first to 
report on measurements of post-race rectal temperatures 
and dehydration in marathoners. The importance of rec-
ognizing internal and external influences affecting body 
core temperature (T
core
) has been observed and modeled by 
Werner.6 Furthermore, Cheuvront and Haymes performed 
the first thermoregulation study in female marathoners.7 In 
2001, the same authors4 evaluated the recent accumulation 
of literature with regard to thermoregulation in marathon 
running and the roles of environment,8–10 dehydration,5,11 
metabolic rate,12,13 and gender.14 The proposed concepts dealt 
with describing how thermoregulation was utilized, where-
upon the definition of regulated T
core
 in the thermoregulatory 
system was introduced. The definition of new regulated T
core
 
(higher or lower from initial T
core
) determined the range of 
normothermia if an overall ambient temperature (T
ambient
) to 
T
core
 relationship showed a stable T
core
 over a certain time 
period, and thus, T
core
 was autonomically regulated according 
to variation in T
ambient
.
Metabolic responses, such as an increase in creatinine, 
creatine kinase, white blood cell count, and myoglobin, dur-
ing marathon running have previously been investigated.15 
Numerous studies have examined physiologic responses 
during marathons performed in cold (12°C or lower) 
environments.12,16–18 On the other hand, there are few stud-
ies regarding marathons performed in hot environments.19,20 
There is very little research on human athletic performances 
in unusually extreme environmental conditions. One of 
the rare examples was a Bushman hunter who was studied 
because he could hunt for 4–6 hours in the desert at a T
ambient
 
of 40–46° and cross more than 30 km, while drinking only 
about 1 L of water.21
Adams et al systematically examined the effect of T
ambient
 
by having one individual running three marathons at the same 
pace on a treadmill, while confronted with an airflow equivalent 
of a running speed in a cool (T
ambient
 10.0°C), moderate  (T
ambient
 
22.0°C), or hot (T
ambient
 35.4°C) environment.16  However, 
due to the fact that most of the other marathons studied were 
performed in field conditions, the meteorotropic effect may 
have changed during our study marathon. For example, dif-
ferences in T
ambient
 during marathon running in the field have 
been reported to be as much as 17°C from start to finish.22 
However, it is not known how the human thermoregulatory 
system reacts to extremely cold conditions (−45°C and 60% 
relative humidity) of T
ambient
 at the beginning of a marathon and 
extremely high conditions (+55°C and 20% relative humidity) 
of T
ambient
 at the end of a marathon. Do the thermodynamic 
properties of the environment add to endogenous (ie, muscle 
work) heat load limiting thermoregulation in this case? To our 
knowledge, no study has previously investigated a case under 
such circumstances, where parameters are exactly modulated 
and measured in a climate chamber.
In the present case report, we describe a runner attempting 
to finish a self-paced marathon in a climate chamber with a 
temperature difference of 100°C. It was the intention of the 
athlete to be the first runner in history to complete a marathon 
in a climate chamber while overcoming a T
ambient
 difference of 
100°C (373°K). We evaluated how T
core
 changed compared 
with skin temperature (T
skin
), and how hormone metabolism 
changed when exposed to a total T
ambient
 difference of 100°C 
(373°K) in one well experienced male marathoner. We 
hypothesized that running a marathon with a total T
ambient
 
difference of 100°C would be possible and that T
core
 would 
remain stable, while T
skin
 would change depending on T
ambient
. 
Further metabolic responses as reported by Kratz et al might 
be accentuated by adding heat stress to exhausting exercise, 
such as in a marathon.15 A rise in T
ambient
 would stimulate 
the release of pituitary hormones, such as prolactin which, 
among others, are a response by the central nervous system 
to avoid hyperthermia.
Materials and methods
Experimental design
This was a single-subject observational case study monitoring 
changes in body mass, and hematologic, urinary, and bio-
chemical parameters while running a marathon in a climate 
chamber in order to overcome a total T
ambient
 difference of 
100°C. T
ambient
 was set at −45°C at the start of the marathon 
and steadily increased to +55°C by the end of the marathon. 
This human experiment was approved by the director of the 
Brandenburg Technische Universität, Cottbus, Germany.
Subject
The subject was a 30-year old male with a body height of 
1.80 m, a body mass of 93.8 kg, and a body mass index of 
29.0 kg/m2. He was an experienced ultraendurance athlete 
(world champion in the Deca Iron ultratriathlon 2008, a world 
record holder in the 10-day triathlon, a finisher of the Trans 
Europe Footrace in 2009 and of the Race across Germany 
in 2010), and intending to run the first marathon in history 
under these conditions.
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Preliminary test
One day before the experiment, a maximal treadmill test was 
performed to determine maximum oxygen uptake (VO
2max
). 
A running speed of 8.0 km/hour was set as the start speed. 
Every 3 minutes, the treadmill speed was increased by 2 km/
hour until volitional fatigue. VO
2
 was determined using an 
expired air analysis by Meta Max 3B® (Cortex Biophysik 
GmbH, Leipzig, Germany) and heart rate was measured 
using a portable heart rate monitor (RCX5, Polar Electro 
Oy, Kempele, Finland). Lactate threshold was determined 
using Ergonizer version 3.2.1 (K. Röcker, www.ergonizer.
de) to enable data analysis.
Climate chamber marathon
For the experiment, the athlete ran clockwise laps of 
17.6 m in the climate chamber at the CEBra (Centrum 
für Energietechnologie Brandenburg) of Brandenburg 
Technische Universität in Cottbus, Germany (www.
tu-cottbus.de/cebra). The investigating team was located 
outside the climate chamber. Each lap was counted using 
a laser-assisted photoelectric barrier. A computer counted 
the laps continuously and showed the distance covered at 
each moment.
During the marathon, T
core
 was measured in the rectum 
along with T
skin
 at three sites. Before the start, after 10.5 km, 
21.1 km, 31.6 km, and at the end of the study, venous blood 
samples were drawn, urine and sweat were collected, and 
body mass was measured. Each measurement took on average 
10 (8–12) minutes. The athlete changed clothes for comfort 
during the breaks. He started running with winter boots, 
winter gloves, a winter jacket, and a winter hat over his run-
ning clothes. After 10.5 km (at about −20°C), no changes in 
clothing were made. After 21.1 km (approximately +5°C), 
he took off his winter clothes and ran in his usual running 
clothes. After 31.6 km (around +30°C), he took off his 
shirt. Ratings of perceived exertion were not recorded. The 
hydration status of the athlete was not assessed before the 
marathon and he consumed food and drinks as he was used 
to doing during his races.
Temperature and humidity in climate 
chamber
T
ambient
 was set at −45°C at the start and continuously 
increased to +55°C (Figure 1) at a rate of 1°C per 4.5-minute 
interval. At the start, humidity was set at 60%. After 
210 minutes of running at an T
ambient
 of 0°C, humidity was 
steadily reduced until it reached 20% by the end of the 
marathon. Temperature and humidity in the climate chamber 
were recorded every minute. Percent change was rounded 
to two decimal digits.
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Figure 1 Room temperature and relative humidity of the climate chamber as a function of race time. 
Note: Arrows indicate points during the race when the athlete was allowed to leave the chamber in order to undergo a medical examination.
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Figure 2 Fluid intake and energy during the marathon run.
Food and drinks
The day before the climate chamber marathon, the athlete 
went with his crew to a supermarket to buy conventional 
food, such as bread, meat, cheese, fruit, and fluids, including 
mineral water and soft drinks. The athlete consumed food and 
drinks ad libitum during the marathon. All food and drinks 
were provided at ambient room temperature. At each point 
of measurement, his coached prepared the food and drinks 
as requested by the athlete. Intake of food and drinks was 
recorded to estimate the fluid and energy intake in a cumu-
lative histogram (Figure 2). The composition of the fluids 
and solid food was estimated using the information on the 
products consumed by the athlete and a nutrition chart.23
Estimation of sweat production
While running, sweat was collected using a plastic bag 
attached to a 17 × 25 cm area on the back of the runner. To 
estimate total sweat production, the sweat produced on this 
area of the back was extrapolated to the whole body surface 
area. Body surface area (BSA) was estimated using the 
formula BSA = weight (kg)0.425 × height (m)0.725 × 0.007184 
following Dubois and Dubois.24
Heart rate
Heart rate was recorded continuously during the mara-
thon using a portable heart rate monitor (RCX5, Polar 
Electro Oy) to estimate energy expenditure, using the heart 
rate method.25
Temperature
T
core
 in the rectum and T
skin
 on the forehead, right wrist, 
and right ankle were measured using an EndoTherm Med® 
device (EndoTherm GmbH, Arlesheim, Switzerland) every 
10 seconds while running. The EndoTherm Med thermoelec-
tric probes sensor has a guaranteed accuracy of 0.0625°C. 
The sensor for measurement of T
core
 in the rectum was 
encased in a silicone capsule and packed into a fingerstall. 
The sensors used to measure T
skin
 were fixed using textile 
ribbons on defined spots. The sensors were evaluated by 
EndoTherm Control software (www.endotherm.ch) and 
showed a temperature variation of ±0.1°C (Figure 3).
Laboratory measurements
Before the start of the marathon and every 10.5 km, body 
mass was measured and samples of blood, urine, and sweat 
were collected. Body mass was measured using a commercial 
scale (Beurer BF 15, Beurer GmbH, Ulm, Germany) to the 
nearest 0.1 kg, after voiding the urinary bladder. Venous 
blood samples were drawn in a sitting position. Two serum 
tubes (Serum Sep Clot Activator, 5 mL, Greiner/Bio-One, 
Frickenhausen, Germany) and three ethylenediamine tetra-
acetic acid (EDTA) tubes (BD Vacutainer®, 3 mL, Becton 
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Figure 3 (Continued)
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Figure 3 Relative humidity in the climate chamber as well as skin temperature taken at the head (A), hand (B), and ankle (C), and body core temperature (D) as a function 
of room temperature. 
Notes: Arrows indicate points during the race when the athlete was allowed to leave the chamber in order to undergo a medical examination. X indicates external cooling 
(one 0.8 L bottle of water at room temperature poured over the athlete’s head and body).
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Dickinson, Heidelberg, Germany) were drawn. One of 
the EDTA tubes, for the later performed blood count and 
measurement of lactate dehydrogenase, was stored at room 
temperature. The two tubes for serum and the remaining 
two tubes for EDTA plasma were centrifuged immediately 
at 3000 g for 10 minutes and the plasma was frozen on 
dry ice.
Urine samples were collected after measuring total uri-
nary volume at the defined times into a Vacuette® system 
(10 mL, Greiner/Bio-One) and were also stored on dry ice. 
Sweat samples were collected from the defined skin area on 
the back. Foil was fixed using Tegaderm film (3M Medica, 
Neuss, Germany) to the 17 × 25 cm area on the back leading 
to a small reservoir at the caudal end. After documenting the 
quantity in mL, the sweat was transferred in empty sterile 
tubes (7 mL, Greiner/Bio-One) and also stored on dry ice.
After collection, the EDTA blood samples were imme-
diately transferred to the laboratory, and the blood counts 
were performed within 4 hours of blood sampling. The 
other serum, plasma, urine, and sweat samples remained 
stored on dry ice and were transported to the laboratory 
immediately after the experiment and stored there at −20°C 
until analysis.
Blood counts were performed using the EDTA blood 
samples, and included a white blood count with differentia-
tion, red blood count, hemoglobin, hematocrit, and platelets. 
Hematologic parameters were determined using the Cell-
Dyn Sapphire® (Abbott Diagnostics, Wiesbaden, Germany). 
Osmolality in serum, urine, and sweat was measured using 
an Osmomat 030 device (Gonotec, Berlin, Germany). 
 Glucose in serum and lactate in plasma were measured using 
a Biosen 5140 system (Barleben, Magdeburg, Germany). 
Sodium, potassium, calcium, chloride, creatinine, urea, 
creatine kinase in serum and urine, C-reactive protein in 
serum, lactate dehydrogenase in plasma, and glucose in urine 
were measured using a DxC 800 system (Beckman Coulter, 
Krefeld, Germany). Myoglobin, cardiac troponin I, free tri-
iodothyronine, free thyroxine, thyroid-stimulating hormone 
(TSH), prolactin, cortisol in serum, and brain natriuretic 
peptide (BNP) in plasma were measured using an Advia 
Centaur XP (Siemens, Eschborn, Germany). Insulin in serum 
was measured using an AxSYM device (Abbott Diagnostics). 
Insulin-like growth factor 1 and interleukin-6 in serum were 
measured using the Immulite 2000 (Siemens).  Somatotropic 
hormone in serum, and adrenocorticotropic hormone (ACTH) 
and renin in plasma were measured using a Liaison® device 
(diaSorin, Dietzenbach, Germany). Procalcitonin was 
measured using a Mini-Vidas system  (Bio-Merieux, Marcy 
l′Etoile, France). Aldosterone in plasma was measured using 
a radioimmunoassay kit (Beckman Coulter). Midregional 
proatrial natriuretic peptide, midregional proadrenomedul-
lin, c-terminal proendothelin-1, and copeptin in plasma 
were measured using a Kryptor device (Brahms GmbH, 
Hennigsdorf, Germany). Sodium, potassium, and calcium in 
sweat were measured using the AAnalyst 100 (Perkin Elmer, 
Rodgau, Germany). Albumin in urine was measured using 
an Immage® 800 device (Beckman Coulter).  Metanephrines 
and normetanephrines in urine were measured using high-
performance liquid chromatography (Recipe, Munich, 
Germany).
Renal parameters
We expressed urine concentration as fractional excretions. 
This applied to sodium, potassium, urea, and osmolality in 
urine. We used the general formula: fractional excretion of 
parameter = [(parameter
urine
 × creatinine
serum
)/(parameter
serum
 × 
creatinine
urine
)] × 100, following Espinel.26 Transtubular 
potassium gradient was calculated using the equation trans-
tubular potassium gradient =  (potassium
urine
 × osmolality
serum
)/
(potassium
serum
 × osmolality
urine
) according to West et al.27 
Glomerular filtration rate (GFR) was estimated using the 
four-variable MDRD4 formula (GFR [mL/min/1.73 m2] = 
32841 × (creatinine [µmol/L][−1.154]) × age [years][−0.20]) fol-
lowing Levey et al.28 Creatinine clearance rate was estimated 
using the Cockcroft-Gault formula.29
Results
Pre-event results
In the incremental test, the athlete achieved a maximum 
speed of 17 km/hour, a VO
2max
 of 58 mL/kg per minute, 
and a maximum heart rate of 188 beats per minute. Lactate 
threshold was set at 10 km/hour.
Performance
The athlete invested a total time of 7 hours 10 minutes, 
including breaks, to complete the marathon, which comprised 
a total of 2400 laps for 17.6 m in the climate chamber. He was 
running for 6 hours 30 minutes at a mean speed of approxi-
mately 6.5 km/hour, with a mean heart rate of approximately 
112 beats per minute, expending total energy of 4434 kcal. 
Body mass decreased to 93.1 kg (−1.6%). He drank 3.4 L of 
fluids and consumed 2050 kcal of energy (Figure 2).
Temperature
T
skin
 at the head showed a total increase of 9°C (minimum 
28.5°C, maximum 37.5°C). T
skin
 at the hand showed a total 
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increase of 9°C (minimum 29.5°C, maximum 38.5°C). T
skin
 
at the ankle showed a total increase of 16°C (minimum 23°C, 
maximum 39.5°C). T
core
 varied by 0.9°C (minimum 37.5°C, 
maximum 38.4°C). The variations in T
core
/T
skin
 during the test-
ing phase out of the climate chamber were depicted at every 
measurement. T
skin
 at the head was mainly influenced by the 
transition T
ambient
 out of the climate chamber (Figure 3).
Sweat
Sweat parameters are shown in Table 1. Estimated sweat 
production increased from 40.3 mL at 10.5 km to 120.8 mL 
at 21.1 km. At the end of the marathon, total sweat produc-
tion was estimated to be 685 mL (+888%). The starting sweat 
osmolality measurement was 215 mOsm/kg and then fell to 
89 mOsm/kg, after which the values remained constant, end-
ing at 95 mOsm/kg. Sodium in sweat increased by 56%, after 
an initial decrease, ending at a level of 57 mg/L. Calcium in 
sweat decreased initially (−84%) and continued, ending at 
35.3 mg/L. Potassium decreased continuously, resulting in 
a total change of −83%.
Laboratory results
Hematologic and biochemical parameters
Hematologic and biochemical parameters are shown in 
Table 2 (complete blood count) and Table 3 (serum and 
plasma). During the marathon, white blood cells increased, 
ending at 81%, with a change in percentages of monocytes 
and neutrophils (+38% and +10%, respectively). Red blood 
count, hemoglobin, hematocrit, mean cell volume, mean cell 
hemoglobin, and mean corpuscular hemoglobin concentra-
tion remained unchanged. Platelet count increased by 32%. 
Osmolality (−1%), sodium (0%), potassium (+5%), calcium 
(+8%), and chloride (−1%) in serum showed minor changes. 
Serum creatinine increased by 10% and creatine kinase in 
serum by 66%. Glucose and lactate dehydrogenase increased 
by 33% and 8%, respectively. Lactate in plasma increased 
by 98%. Myoglobin increased by 250%. Cardiac troponin I 
and procalcitonin were immeasurably low through the whole 
marathon (,0.01 ng/L and ,0.05 ng/L, respectively). Inflam-
mation parameters, such as C-reactive protein, remained 
unchanged, in contrast with interleukin-6, which increased 
by more than 165%. BNP was immeasurably low before the 
start but increased steadily to reach 11 ng/L. Midregional 
proatrial natriuretic peptide increased at 10.5 km (+33%), and 
had decreased by 4% by the end of the marathon. Midregional 
proadrenomedullin decreased until reaching 31.6 km (−3%), 
then increased to a final level which was 10% higher than pre-
start, and c-terminal proendothelin-1 increased  continuously T
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Table 2 Change in hematologic parameters
 Prestart 10.5 km Δ to  
prestart  
(%)
21.1 km Δ to  
prestart  
(%)
31.6 km Δ to  
prestart  
(%)
42.195 km Total Δ 
(%)
WBC count (Gpt/L) 5.59 5.95 6.4 6.49 +16.1 7.55 +35.0 10.1 +80.6
RBC count (Tpt/L) 4.85 4.96 +2.2 4.8 −1.0 4.83 −0.4 5.2 +7.2
MCV (fl) 92.9 92.1 −0.8 92.1 −0.8 91.8 −1.1 91.2 −1.8
MCH (fmol) 2.02 2.03 +0.5 2.07 +2.4 2.07 +2.4 2.0 −0.9
MCHC (mmol/L) 21.8 22.0 +0.9 22.5 +3.2 22.5 +3.2 22.0 +0.9
Platelet count  
(Gpt/L)
274 294 +7.3 293 +6.9 308 +12.4 363 +32.4
Neutrophils (%) 52.1 63.3 +21.5 64.6 +23.9 60.5 +16.1 57.3 +9.9
Eosinophils (%) 2.00 1.04 −48.0 0.8 −60.0 1.21 −39.5 1.4 −30.0
Basophils (%) 0.14 0.43 +207.1 0.5 +257.1 0.47 +235.7 0.2 +42.8
Monocytes (%) 3.52 5.15 +46.3 5.22 +48.3 6.45 +83.2 4.85 +37.7
Lymphocytes (%) 42.3 30.0 −29.0 28.9 −31.6 31.4 −25.7 36.2 −14.4
Hemoglobin (mmol/L) 9.81 10.1 +2.9 9.93 +1.2 9.99 +1.8 10.4 +6.0
Hematocrit 0.45 0.46 +2.2 0.44 −2.2 0.44 −2.2 0.47 +4.4
Abbreviations: WBC, white blood cells; RBC, red blood cells; MCV, mean cell volume; MCH, mean cell hemoglobin; MCHC, mean corpuscular hemoglobin.
by 79%. Copeptin increased at 10.5 km to 8.3 pmol/L, but 
after that point remained immeasurably low as at the start, 
and increased again to reach 18.2 pmol/L at 42.195 km.
Hypothalamopituitary feedback and renin-
angiotensin-aldosterone systems
The hypothalamopituitary response is shown in Table 4. Free 
triiodothyronine and free thyroxine increased by 4% and 
3%, respectively, whereas TSH increased by 65%.  Prolactin 
increased by 222% from baseline after decreasing at the start 
of the marathon. Somatotropic hormone showed an increase 
of 4150% in the first quarter of the marathon, with a fall 
again to baseline. The final somatotropic hormone level was 
increased (+391%) compared with baseline. Insulin-like 
growth factor 1 increased by 4%. ACTH decreased continu-
ously to a level which was 94% lower than baseline at the end 
of the study. The cortisol concentration decreased by 72% 
at 31.6 km, and thereafter increased to half of the baseline 
value by the end of the study. Insulin decreased by 73%. 
Renin increased by 82% at 31.6 km, and showed a further 
increase to a total of 1146%. Aldosterone increased by 120% 
at 31.6 km to the previous value at 21.5 km. By the end of 
the marathon, aldosterone had increased by 314%.
Urinary parameters
Values for urinary parameters during the marathon are shown 
in Table 5. Kidney function is shown in Table 6. Urine volume 
decreased continuously to −83% (870 mL at 10.5 km, 430 mL 
at 21.1 km, 220 mL at 36.6 km, 150 mL at 42.195 km). Esti-
mated GFR decreased gradually to −10%, and albumin in 
urine decreased gradually by 51%. Urine osmolality showed 
an initial decrease of 50% at 21.1 km, and thereafter remained 
unchanged (5% change until 42.125 km). Urinary urea was 
22% higher at the end of the study compared with baseline. 
Urinary glucose decreased after an initial increase (+300%) 
to a value at 42.195 km, which was 100% higher than the 
baseline. There was also an increase in urinary metanephrines 
(+10%) and normetanephrines (+11%). Fractional sodium 
excretion increased in comparison with the prestart level 
until 21.1 km. At 42.195 km, fractional sodium excretion 
had decreased to −74% compared with the initial value. 
Fractional urea excretion decreased by 28% after an initial 
increase. The potassium to sodium ratio and the transtubular 
potassium gradient remained stable (+4% and +1%, respec-
tively). Creatinine clearance decreased after an initial stable 
value to −10% compared with baseline.
Discussion
In this study, we followed an athlete who had the intention 
to become the first runner in history to complete a self-
paced marathon in a climate chamber whilst overcoming 
a temperature difference of 100°C (373°K). He decided 
to start at −45°C, which would be the mean temperature 
in a marathon in extremely low temperatures, such as the 
Baikal Ice marathon and the Antarctic Ice marathon, and to 
finish at +55°C, which would be the mean temperature of 
a marathon in the heat, such as the Marathon des Sables or 
the Badwater ultramarathon. While adaptations to extreme 
cold or extreme heat are known, we tried to investigate and 
describe changes in temperature and regulating systems in 
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Table 4 Change in hypothalamopituitary response
 Prestart 10.5 km Δ to  
prestart  
(%)
21.1 km Δ to  
prestart  
(%)
31.6 km Δ to prestart  
(%)
42.195 km Total Δ 
(%)
Prolactin (ng/mL) 4.1 2.5 −39.0 4.6 +12.2 5.30 +29.2 13.2 +221.9
Somatotropic  
hormone (µg/L)
0.12 5.1 +4,150.0 0.15 +25.0 ,0,10 ** 0.59 +391.6
IGF-1 (µg/L) 220 232 +5.4 223 +1.3 229 +4.0 229 +4.0
ACTH (ng/L) 28.0 13.5 −51.7 3.64 −87.0 ,1.6 ** ,1.6 **
Aldosterone (ng/L) 78.1 61.2 −21.6 69.1 −11.5 152 +94.6 323 +313.5
Cortisol (nmol/L) 468 194 −58.5 132 −71.7 115 −75.4 258 −44.8
TSH, basal (mU/L) 2.19 2.25 +2.7 2.19 0.0 2.63 +20.0 3.62 +65.3
fT3 (pmol/L) 5.0 5.1 +2.0 4.90 −2.0 5.0 0.0 5.2 +4.0
fT4 (pmol/L) 16.6 17.0 +2.4 16.8 +1.2 16.0 −3.6 17.1 +3.0
Copeptin (pmol/L) ,4.8 8.3 ** ,4.8 ** ,4.8 ** 18.2 **
Renin direct (µg/L) 7.90 7.30 −7.5 12.5 +58.2 22.7 +187.3 98.4 +1145.5
Note: **Calculation not possible.
Abbreviations: ACTH, adrenocorticotropic hormone; IGF-1, insulin-like growth factor 1; TSH, thyroid-stimulating hormone; fT3, free triiodothyronine; fT4, free thyroxine.
Table 3 Change in biochemical parameters
 Prestart 10.5 km Δ to  
prestart  
(%)
21.1 km Δ to  
prestart  
(%)
31.6 km Δ to  
prestart  
(%)
42.195 km Total Δ 
(%)
Serum
Osmolality (mOsm/kg) 299 298 −0.3 294 −1.6 300 +0.3 296 −1.0
Sodium (mmol/L) 137 136 −0.7 138 +0.7 139 +1.4 137 0.0
Potassium (mmol/L) 3.86 4.44 +15.0 4.63 +19.9 4.48 +16.0 4.04 +4.6
Calcium (mmol/L) 2.37 2.45 +3.3 2.42 +2.1 2.44 +2.9 2.55 +7.5
Chloride (mmol/L) 102 101 −0.9 100 −1.9 101 −0.9 101 −0.9
Creatinine (µmol/L) 92.0 92.0 0.0 95.0 +3.2 96.0 +4.3 101 +9.7
Glucose (mmol/L) 4.3 4.9 +13.9 5.4 +25.5 4.5 +4.6 5.7 +32.5
Insulin-level (µE/mL) 15.0 6.5 −56.6 13.4 −10.6 1.8 −88.0 4.10 −72.6
Lactate dehydrogenase  
(µmol/L)
2.53 2.82 +11.4 2.85 +12.6 2.75 +8.7 3.25 +28.4
Urea (mmol/L) 7.42 6.87 −7.4 6.41 −13.6 6.42 −13.4 6.41 −13.6
CK (µmol/L) 6.24 6.82 +9.2 7.29 +16.8 8.27 +32.5 10.4 +66.6
Myoglobin (µg/L) 59.4 91.0 +53.2 122 +105.3 180 +203.0 208 +250.1
Cardiac troponin I (ng/L) ,0.01 ,0.01 ** ,0.01 ** ,0.01 ** ,0.01 **
Procalcitonin (ng/mL) ,0.05 ,0.05 ** ,0.05 ** ,0.05 ** ,0.05 **
CRP (mg/L) 1.0 1.0 0.0 1.0 0.0 1.0 0.0 1.0 0.0
Interleukin 6 (pg/mL) ,2.0 ,2.0 ** ,2.0 ** ,2.0 ** 5.3 .165
Plasma
Lactate (mmol/L) 1.21 1.95 +61.1 2.94 +142.9 1.88 +55.3 2.40 +98.3
BNP (ng/L) ,10.0 ,10.0 ** 10.2 ** 11.9 ** 11.0 **
MR-proANP (pmol/L) 49 65 +32.6 53 +8.1 57 +16.3 47 −4.0
MR-proADM (pmol/L) 0.31 0.31 0.0 0.28 −9.6 0.3 −3.2 0.34 +9.6
CT-proET-1 (pmol/L) 34 40 +17.6 44 +29.4 45 +32.3 61 +79.4
Note: **Calculation not possible.
Abbreviations: CK, creatine kinase; CRP, C-reactive protein; BNP, brain natriuretic peptide; MR-proANP, midregional proatrial natriuretic peptide; MR-proADM, 
midregional proadrenomedullin; CT-proET-1, c-terminal proendothelin-1.
one athlete running between a lower critical temperature and 
an upper critical temperature in a thermoneutral zone. We 
investigated how T
core
 changed compared with T
skin
, and how 
hormone metabolism was influenced during a total T
ambient
 
difference of 100°C. The major finding was that  running 
a marathon with a total T
ambient
 difference of 100°C was 
possible. Furthermore, the T
ambient
 to T
core
 relationship was 
maintained (T
core
 ∆0.9°C), even when thermoregulation was 
extremely challenged by endurance exercise, as during a 
marathon and an additional external heat load.
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Differences in skin temperatures 
between ankle and wrist
T
core
 in mammals is typically in the range of 37°C–39°C. 
T
core
 in our athlete never exceeded this range. The changes 
in T
core
 were similar to the changes reported by Cheuvront and 
Haymes,4 with deviations due to breaks for measurements 
and external cooling. Assuming the range of normothermia 
by Kanouse et al,14 we hypothesized that the increase in T
core
 
before the first break and after the second break was due 
to a temporary inability to defend regulated T
core
 against a 
continually increasing T
ambient
. This increase was only tempo-
rary and regressed, demonstrating that the primary mission 
of thermoregulation is to defend T
core
 against a challenging 
T
ambient
.14 We found a variation in T
core
 and T
skin
 measurements 
during the testing phase outside the climate chamber. T
ambient
 
out of the climate chamber affected each point of measure-
ment, but mostly T
skin
 at the head. This may be due to the 
changing T
ambient
 outside the climate chamber, but it should 
also be noted that ingestion of cold fluids acts as a cooling 
element.30 The T
skin
 variation developed differently, with the 
highest difference measured at the ankle with a ∆ of 16°C. 
T
skin
 at the ankle was the most distant site from T
core
, but 
also nearer to a working muscle than, eg, T
skin
 at the wrist. 
Therefore, T
skin
 was the site most able to assimilate T
ambient
 and, 
therefore, T
skin
 at the ankle was least defended by regulatory 
circuits to keep T
core
 in range.
Differences in sweat production  
over time
At a T
ambient
 of −35°C, the T
core
 to T
skin
 gradient was high (head 
to core 9.7°C; hand to core 8.7°C; ankle to core 14.7°C, 
respectively) and humidity in the climate chamber was set 
at 80%. The evaporative capacity seemed to be lower at that 
time compared with the time in the middle of the marathon. 
This may explain the sweat production at 10.5 km of 40.3 mL 
and osmolality in sweat of 215 mOsm/kg. As the T
core
 to T
skin
 
gradient decreased, the sweat volume increased, and serum 
osmolality was slightly increased at 31.6 km. In temperate or 
cool conditions, a large skin-to-ambient temperature gradi-
ent facilitates radiant and convective heat loss, and reduces 
blood flow requirements to the skin, which may explain the 
tolerance for the high T
core
 observed during marathons in cool 
conditions.31 For methodologic reasons, the initial evolution 
of ion concentration in sweat, as proposed by Shamsuddin 
et al,32 could not be shown. After the low sweat osmolal-
ity at 10.5 km, we suggest that the following stable values 
we recorded demonstrate good adaption under changing 
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Table 6 Changes in kidney parameters compared with prestart
Prestart 10.5 km Δ to  
prestart  
(%)
21.1 km Δ to  
prestart  
(%)
31.6 km Δ to  
prestart  
(%)
42.195 km Total Δ 
(%)
Fractional sodium  
excretion (%)
0.31 0.76 +145.1 0.37 +19.1 0.16 −48.3 0.08 −74.2
Fractional urea  
excretion (%)
65.26 70.04 +7.3 57.28 −12.2 49.98 −23.4 46.79 −28.3
Potassium-to-sodium  
ratio (ratio)
0.03 0.03 +15.8 0.03 +19.1 0.03 +14.4 0.03 +4.7
Transtubular potassium 
gradient (ratio)
3.62 3.11 −14.1 5.14 +42.2 4.22 +16.6 3.65 +0.9
Creatinine clearance  
(mL/minute)
139.12 140.15 +0.7 134.73 −3.2 130.93 −5.9 124.72 −10.4
 environmental conditions. Furthermore, the index of ion 
concentration in sweat at the end of the study may indicate 
a capacity for reabsorption in the eccrine sweat duct.
Continuous increase in BNP  
and interleukin-6
Pathologic values identified in the laboratory parameters 
were reassessed against references for marathon runners.15 
Thereafter, all hematologic values were within range, except 
for creatine kinase in serum and creatinine in urine before 
the start of the marathon. In contrast, serum creatinine was 
within range, and its value rose to 10% above its initial 
baseline. Approximately 40% of marathoners experience a 
transient increase in serum creatinine, and the data suggest 
that acute kidney injury with a transient and minor change 
in renal filtration function occurs with the stress of mara-
thon running.33 Following the stages of the Acute Kidney 
Injury Network,34 our marathoner was in stage 1. At the 
start, creatine kinase values were outside the adapted level 
of 6.24 µmol/L suggested by Kratz et al, and rose again to 
an end value of 10.4 µmol/L.15 However, a massive increase 
in creatine kinase is common, and is widely accepted as an 
indirect marker of skeletal muscle damage while running.35–39 
There is a suspicion that the extreme increases in serum 
creatine kinase activity may be related to development 
of exertional rhabdomyolysis.40 Another factor impairing 
kidney function is the redirection of blood flow, whereby 
exercising blood is directed more to the working muscles 
than to the kidneys, which decreases renal perfusion.19 
Furthermore, proendothelin-1 was increased by +79%. 
Maeda et al discussed the possibility of reduced kidney 
perfusion by an exercise-induced increase in production of 
endothelin-1 in the kidneys.41 The increase in endothelin-1 
causes decreased blood flow to the kidneys via two pathways, 
ie, a  vasoconstrictive action and attenuation of nitric oxide 
production. BNP increased continuously, and an increase 
in BNP was considered to be a sign of high cardiovascular 
performance due to a low blood volume.11,42 Following 
Hew-Butler et al, BNP may assist arginine vasopressin and 
atrial natriuretic peptide in the regulation of fluid balance 
during extreme physical stress.43 Values during the marathon 
showed a more continual increase of BNP, whereas arginine 
vasopressin and atrial natriuretic peptide fluctuated more, 
which supports this hypothesis. The positive effects of atrial 
natriuretic peptide seen during a marathon could reflect 
regulation of body temperature by influencing the sweat 
glands as well as stimulation of lipolysis, compensating for 
the enormous energy demand.44 Furthermore, we noted that 
compared with exercise at room temperature, plasma levels 
of epinephrine, norepinephrine, and cortisol were all higher 
during exercise in the heat.45
There were increased counts for inflammatory param-
eters such as leucocytes and interleukin-6. Surprisingly, the 
plasma C-reactive protein concentration was immeasurably 
low. Therefore, recovery of plasma C-reactive protein levels 
possibly occurred during the recovery time after finishing the 
marathon, as reported by Waśkiewicz et al.46 Cytokines, par-
ticularly interleukin-1 and interleukin-6, act as endogenous 
pyrogens in the brain. Interleukin-1 and interleukin-6 stimu-
late thermogenesis via synthesis of prostaglandins and corti-
cotropin-releasing factors.47 This induction of thermogenesis 
by peripheral interleukin-6 seems not to last, but influences 
the new regulated T
core
.48
Increase in TSH and decrease in ACTH
Several stress hormones, including cortisol, somatotropic 
hormone, and normetanephrines were released, in urine 
during prolonged exercise together with increasing T
ambient
. 
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These findings are compatible with the results reported by 
Niess et al,49 who suggested that elevated T
ambient
 primarily 
affected the cardiocirculatory and hormonal systems, result-
ing in changes in neutrophil and monocyte cell trafficking. 
In contrast, the acute immune response seems not to be 
influenced further by additional heat stress during endur-
ance exercise, which is also compatible with our results. 
TSH increased by 65.3%. It is known that thyroid hormones 
increase nonshivering thermogenesis in cold conditions by 
stimulating uncoupling protein-1.50 We found no increase in 
TSH at 10.5 km during the marathon when T
ambient
 was low. 
This fact was most probably due to the predominance of 
endogenous thermogenesis while running. Prolactin increased 
by 221.9%, together with an increase in TSH of 65.3%. It has 
been reported that an increase in prolactin is directly related 
to an increase in TSH during prolonged exhaustive exercise.51 
Jimenez et al reported prolactin increases only during passive 
hyperthermia and not while exercising.52 In the present case, 
an additive exogenous heat load may have contributed to the 
increased prolactin levels towards the end of the study, and 
thus support the use of prolactin as a biomarker for develop-
ment of central fatigue.53 In contrast, ACTH decreased after 
an initial increase at 10.5 km continuously to the end value. 
An initial peak of ACTH is most probably explained by the 
cold environment54 stimulating the release of glucocorticoids, 
which would then increase the availability of glucose and 
assist lipolysis. The rise in temperature may play a conse-
quential role, because vasoconstriction and also cortisol must 
be inhibited for thermolytic reasons in a hot environment.55 
The decrease in cortisol after a peak may be explained by this 
fact. The peak at the end of the study may have been due to 
the psychologic stress of running in such high temperatures. 
Alternatively, following the suggestions of Niessner et al,44 
the increase in adrenocortical steroids may have compen-
sated for the negative influence of atrial natriuretic peptide 
on natriuresis and blood pressure, which would explain this 
peak at the end too. Renin increased steadily to +1146% at 
42.195 km, as did aldosterone, which increased by +314%. 
This metabolic response may support the fact that plasma 
osmolality, serum sodium concentration, and safe T
core
 were 
maintained. Therefore, we show in this case study that humans 
were able to exercise in extreme conditions while drinking 
water ad libitum, as suggested by Nolte et al.56
Limitations and implications for future 
research
This case study performed under controlled conditions shows 
the individual response of one athlete. The results might be 
different in another athlete, and different again in the same 
athlete on a further attempt. Sweat sampling was performed 
on the back of the athlete and extrapolated to the total sur-
face of the athlete. However, sweating might be different 
on different parts of the body, so the total amount of sweat 
produced in this study might have been higher than reported. 
The athlete lost 1.6% of his body mass. However, he com-
pleted the marathon in 6.5 hours. Whether his performance 
could have been worse or better with a more regimented 
drinking/food intake strategy cannot be commented upon 
without further research. The same study is to be performed 
in more subjects with the same characteristics to validate 
the present findings.
Conclusion
The metabolic responses cited above may be, amongst oth-
ers, responsible for regulating different feedback/forward 
loops and thresholds in the thermoregulation circuit. The 
results in our subject suggest a multitude of metabolic 
responses in reaction to variations in environmental condi-
tions during continuous exercise. Regulatory mechanisms 
contribute to avoidance of hypothermia or hyperthermia. 
None of our laboratory results were cause for medical 
 concern. More accurate responses, especially during 
extremely thermostable conditions, concerning detailed 
regulatory mechanisms remain elusive. The results of this 
case study describe the response of one selected subject and 
may not be generalizable. The same study is to be performed 
on more subjects with the same characteristics to validate 
the present findings.
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